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Candida albicansIron bioavailability is crucial for mitochondrial metabolism and biosynthesis. Dysregulation of cellular iron ho-
meostasis affects multiple aspects of mitochondrial physiology and cellular processes. However, the intracellular
iron trafﬁcking pathway in Candida albicans remains unclear. In this study, we characterized the Mrs4–Ccc1–
Smf3 pathway, and demonstrated its important role in maintaining cellular iron levels. Double deletion of vacu-
olar iron exporter SMF3 andmitochondrial iron transporterMRS4 further elevated cellular iron levels in compar-
ison with the single MRS4 deletion. However, deletion of vacuolar iron importer CCC1 in the mrs4Δ/Δ mutant
restored cellular iron homeostasis to normal wild-type levels, and also normalized most of the defective pheno-
types in response to various environmental stresses. Our results also suggested that bothMrs4 and Ccc1 contrib-
uted to the maintenance of mitochondrial function. The mrs4Δ/Δ and mrs4Δ/Δsmf3Δ/Δmutants exhibited an
obvious decrease in aconitase activities and mitochondrial membrane potential, whereas deletion of CCC1 in
the mrs4Δ/Δmutant effectively rescued these defects. Furthermore, we also found that the Mrs4–Ccc1–Smf3
pathway was indispensable for cell-wall stability, antifungal drug tolerance, ﬁlamentous growth and virulence,
supporting the novel viewpoint that mitochondria might be the promising target for better antifungal therapies.
Interestingly, the addition of exogenous iron failed to rescue the defects on non-fermentable carbon sources or
hyphae-inducingmedium, indicating that the defects inmitochondrial respiration and ﬁlamentous development
might result from the disturbance of cellular iron homeostasis rather than environmental iron deprivation. Taken
together, our results propose the Mrs4–Ccc1–Smf3 pathway as a potentially attractive target for antifungal drug
development.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Iron is an essential nutrient with limited bioavailability for most
organisms, including the major opportunistic fungal pathogen
Candida albicans, which causes life-threatening infections in immuno-
compromised patients. The ability of iron acquisition is considered as
a prerequisite in pathogen–host interactions and has a profound inﬂu-
ence on pathogenicity and virulence [1–3]. The competition between
pathogens and their hosts for iron impels the evolution of various strat-
egies in C. albicans to tightly regulate iron acquisition, storage and utili-
zation [4,5]. Therefore, a deeper understanding of iron homeostasis in
morphogenesis and pathogenicity will provide a novel insight into the
treatment of C. albicans infection and drug development.kai University, 94 Wei Jin Road,
22 23508800.
ights reserved.The budding yeast Saccharomyces cerevisiae has been used exten-
sively as amodel system to study cellular iron homeostasis [4,6]. The or-
ganelle mitochondria and vacuoles are considered to be the major iron
pools, and have central roles in modulating intracellular iron distribu-
tion in yeast [7–9]. In S. cerevisiae, bothMRS3 andMRS4 have been iden-
tiﬁed asmembers of themitochondrial carrier family, and simultaneous
deletion of these two genes leads to a signiﬁcant reduction inmitochon-
drial iron import [10]. The yeast Smf3 protein is a homologue of the
Nramp family of metal transporters, and involves in the mobilization
of vacuolar iron stores [11]. CCC1 encodes a vacuolar iron/manganese
transporter, which is responsible for the accumulation of these two
metals in the vacuole [12]. Moreover, the elevated activity of Ccc1 trans-
porter increases vacuolar iron at the expense of cytosolic iron, which
leads to the activation of major iron-responsive regulator Aft1 and the
alternation of cellular iron homeostasis [13,14]. In our previous study,
we identiﬁed C. albicansMrs4 as a member of the mitochondrial carrier
family, which is the only putative homologue of S. cerevisiaeMrs3/Mrs4
proteins based on the highest sequence similarity. In addition, it has
Table 1
Strains and plasmids used in this study.
Strain or plasmid Genotype Source
Strain
BWP17 (WT) ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG/his1::
hisG arg4::hisG/arg4::hisG
[26]
mrs4Δ/Δ BWP17 mrs4::ARG4/mrs4::dpl200 [15]
smf3Δ/Δ BWP17 smf3::ARG4/smf3::dpl200 This study
ccc1Δ/Δ BWP17 ccc1::ARG4/ccc1::dpl200 This study
mrs4Δ/Δsmf3Δ/Δ BWP17 mrs4::ARG4/mrs4::dpl200 smf3::dpl200/
smf3::dpl200
This study
mrs4Δ/Δccc1Δ/Δ BWP17 mrs4::ARG4/mrs4::dpl200 ccc1::dpl200/
ccc1::dpl200
This study
BWP17 (Ura+) URA3/ura3Δ::λimm434 his1::hisG/his1::hisG arg4::
hisG/arg4::hisG
This study
mrs4Δ/Δ (Ura+) BWP17 (Ura+)mrs4::ARG4/mrs4::dpl200 This study
smf3Δ/Δ (Ura+) BWP17 (Ura+) smf3::ARG4/smf3::dpl200 This study
ccc1Δ/Δ (Ura+) BWP17 (Ura+) ccc1::ARG4/ccc1::dpl200 This study
mrs4Δ/Δsmf3Δ/Δ
(Ura+)
BWP17 (Ura+)mrs4::ARG4/mrs4::dpl200 smf3::
dpl200/smf3::dpl200
This study
mrs4Δ/Δccc1Δ/Δ
(Ura+)
BWP17 (Ura+)mrs4::ARG4/mrs4::dpl200 ccc1::
dpl200/ccc1::dpl200
This study
BWP17-Ccc1-HA BWP17 CCC1/CCC1-3 × HA-URA3 This study
BWP17-Smf3-HA BWP17 SMF3/SMF3-3 × HA-URA3 This study
BWP17-Efg1-HA BWP17 EFG1/EFG1-3 × HA-URA3 This study
BWP17-Aco1-FLAG BWP17 ACO1/ACO1-6 × His-FLAG-URA3 This study
mrs4Δ/Δ-Aco1-
FLAG
mrs4Δ/Δ ACO1/ACO1-6 × His-FLAG-URA3 This study
smf3Δ/Δ-Aco1-
FLAG
smf3Δ/Δ ACO1/ACO1-6 × His-FLAG-URA3 This study
ccc1Δ/Δ-Aco1-
FLAG
ccc1Δ/Δ ACO1/ACO1-6 × His-FLAG-URA3 This study
mrs4Δ/Δsmf3Δ/Δ-
Aco1-FLAG
mrs4Δ/Δsmf3Δ/Δ ACO1/ACO1-6 × His-FLAG-URA3 This study
mrs4Δ/Δccc1Δ/Δ-
Aco1-FLAG
mrs4Δ/Δccc1Δ/Δ ACO1/ACO1-6 × His-FLAG-URA3 This study
Plasmid
pLUBP Containing a 4.9 kb IRO1-URA3 cassette [27]
pFA-HA-URA3 Containing a 3 × HA-URA3 cassette [28]
p6HF-Act1-URA3 Containing a 6 × His-FLAG-URA3 cassette T.
Umeyama
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iron metabolism [15]. However, the transporters involved in C. albicans
intracellular iron trafﬁcking have not been characterized in detail.
Mitochondria have a fundamental role in cellular energy metabo-
lism, iron–sulfur cluster biogenesis and heme formation. Numerous
studies have established a close relationship between mitochondrial
function and iron metabolism [16–19]. Iron, as a necessary cofactor, is
involved in many metabolic processes and required for mitochondrial
physiology. However, excess iron is toxic because of its ability to cata-
lyze the generation of reactive oxygen species under aerobic condi-
tions [20]. Therefore, iron-dependent protein biogenesis and cellular
ironmetabolism are tightly linked to coordinate cellular iron acquisition
and intracellular iron distribution. Disturbances of cellular iron homeo-
stasis usually have a profound inﬂuence on mitochondrial function.
However, little is known about how C. albicans cellsmaintain an optimal
cellular iron status for mitochondrial function. In this study, our results
for the ﬁrst time showed that theMrs4–Ccc1–Smf3 pathway had a cru-
cial role in maintaining cellular homeostasis, which was also required
for the maintenance of mitochondrial function in C. albicans.
Recent studies have demonstrated that themitochondria are impor-
tant contributors to cell-wall integrity, antifungal drug tolerance and
virulence in C. albicans [21,22]. These ﬁndings establish an integrative
view between mitochondrial function in fungal cell-wall biogenesis
and the resistance to echinocandin antifungal drugs. In addition, the ef-
fects of mitochondrial dysfunction on fungal morphogenesis have also
been investigated [23]. Impaired mitochondrial function leads to defec-
tive cell wall and ﬁlamentous growth [24,25]. Thus, we further explored
the potential roles of theMrs4–Ccc1–Smf3 pathway in numerous cellu-
lar processes, and suggested that mitochondrial dysfunction caused by
disrupted cellular iron homeostasis had a tremendous impact on phys-
iological processes, including oxidative stress response, cell-wall stabil-
ity, morphogenesis and virulence. Altogether, our present study highly
supports the opinion thatmitochondrial functions/factors are the prom-
ising targets for better antifungal therapies, and provides a potentially
attractive target for future antifungal drug development.
2. Materials and methods
2.1. Strains and growth conditions
C. albicans strains used in this study are listed in Table 1. BWP17was
used as the wild-type strain in the functional analysis and the parental
strain for gene disruption. Cells were routinely cultivated in YPD (1%
yeast extract, 2% peptone, 2% glucose) supplemented with 80 μg/ml
uridine or synthetic drop-out medium (0.67% yeast nitrogen base with-
out amino acid, 2% glucose, 0.2% complete mixture lacking speciﬁc
amino acids) for selection of speciﬁc transformants. Synthetic complete
medium supplemented with 1 mg/ml 5-ﬂuoroorotic acid (5-FOA) was
used to select Ura-derivatives. For dot assay experiments, YPD medium
containing hydrogen peroxide (H2O2), menadione, calcoﬂuor white
(CFW), Cu2+ and Li+ was achieved according to the indicated concen-
trations, respectively. YPDmediumsupplementedwith 10% fetal bovine
serum, Spider medium, RPMI1640 medium and M199 medium were
used for hyphal induction. 200 μM 2,2′-bipyridyl (BIP) was added to
achieve iron-deﬁcient conditions, and the addition of 25 mM ferric
chloride (Fe3+) was considered as high-iron stress.
2.2. Strain constructions
C. albicans mutant strains used in this study were achieved by PCR-
mediated homologous recombination as described previously [26].
The correct transformants were subjected to 5-FOA selection to yield
URA3 null isolates. To restore prototrophy for uracil biosynthesis, a
4.9 kb BglII–PstI fragment from pLUBP (encoding wild-type URA3 and
the adjacent gene, IRO1) was transformed into the BWP17 andmutants
to generate strains containing one copy of URA3 gene at its normalgenetic locus [27]. The strains producing Aco1-FLAG, Ccc1-HA, Smf3-
HA and Efg1-HA fusion proteins were achieved by PCR-mediated ho-
mologous recombination as previously described, respectively [28].
Brieﬂy, the Aco1::6 × His-FLAG-URA3 cassette containing the ﬂanking
homology regions was ampliﬁed from the p6HF-Act1-URA3 template.
The Ccc1::3 × HA-URA3 cassette, Smf3::3 × HA-URA3 cassette or
Efg1::3 × HA-URA3 cassette containing the ﬂanking homology regions
was ampliﬁed from the pFA-HA-URA3 template. Then, these cassettes
were transformed into the wild-type and mutant strains to generate
correct recombinants, respectively.
2.3. Isolation of vacuole and cellular iron content determination
Intact vacuoles were isolated from protoplasts as previously de-
scribed with minor modiﬁcations [29]. Overnight cultures were re-
cultivated tomid-exponential phase at room temperature in YPDmedi-
um. The cells were harvested by centrifugation, re-suspended in 50 ml
ofwashing buffer (100 mMTris-SO4, 10 mMDTT; pH 9.4), and incubat-
ed for at 30 °C 10 min. Then, the cells were washed twice with
spheroplasting buffer (1.2 M sorbitol, 20 mMKPi; pH 7.4) and incubat-
ed with 10 mg/ml snailase at 30 °C for 10 h. After removal of the cell
wall with snailase, spheroplasts were harvested, treated with DEAE-
Dextran, and re-suspended in 15% Ficoll buffer. Finally, the vacuoles
were isolated by ﬂoatation through a discontinuous Ficoll step gradient
of 8%, 4% and 0% Ficoll. Puriﬁed vacuoles were collected from the 0%/4%
Ficoll interphase.
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disulfonate (BPS)-based colorimetric method as described previously,
which relies on the fact that iron chelators form colored complexes
with iron [30]. Overnight cultures of the corresponding strains were har-
vested, washed and re-cultivated in YPD medium to mid-exponential
phase. The cells were then washed three times, and re-suspended in
YPD (normal condition), YPD plus 50 μM BIP (iron-limited condition)
andYPDplus 5 mMferric chloride (iron-rich condition)medium, respec-
tively, to an OD600 of 0.05. The cultures were incubated at 30 °C with
shaking for at least 24 h. The harvested cells were re-suspended in
500 μl of 3% nitric acid, and boiled for 2 h to digest the cells completely.
400 μl of cell supernatants was then mixed with 160 μl of 38 mg/ml so-
dium ascorbate, 320 μl of 1.7 mg/ml BPS, and 126 μl of 4 M ammonium
acetate. After a 10-minute incubation at room temperature, the OD535
of the BPS–Fe complex was determined by the Ultrospec 1000 UV–
Visible spectrophotometer. OD680 was also recorded as the nonspeciﬁc
absorbance. The iron content was calculated as the following formula:
(OD535 − OD680) / cell number, and displayed in arbitrary units (A.U.).
The data are presented as means ± standard deviation (SD) from a sin-
gle experiment representative of three independent experiments.
2.4. Western blot analysis and aconitase activity assay
Overnight cultures of the strains producing Aco1-FLAG protein were
re-cultivated to mid-exponential phase in YPD medium. Protein ex-
tracts were prepared by breakagewith glass beads according to the pre-
viously described protocol [28]. Lysates were analyzed by SDS-PAGE,
and immunoblotted with mouse anti-FLAG high-afﬁnity antibodies
(Sigma) for FLAG-tagged proteins. Immunoblots were probed with
anti-alpha tubulin antibody (Novus Biologicals) as a loading control.
To identify vacuolar membrane proteins, total spheroplast and vacuolar
lysates were detected by western blot analysis using mouse anti-HA
high-afﬁnity antibodies (Sigma). The cytoplasmic/nuclear HA-tagged
Efg1 regulator was used as a negative control to determine the purity
of isolated vacuoles.
Enzyme activity assay is based on the formation of isocitrate by the
iron–sulfur protein aconitase, which is used by isocitrate dehydroge-
nase (IDH) for the reduction of NADP [31]. The aconitase-catalyzed
isocitrate formation from cis-aconitate is coupled with isocitrate dehy-
drogenase and NADP. Brieﬂy, cell extracts (N50 μg protein) were
added to the sample cuvette which contained 950 μl of aconitase buffer
(100 mM triethanolamine, 1.5 mM Mg2+, 0.1% Triton X-100; pH 8.0),
200 μM cis-aconitase, 1.3 mMNADP+ and 400 μU IDH. After thorough-
ly mixing and 2-minute incubation at room temperature, the increase
of absorbance at 340 nm was determined every minute in a double-
beam spectrophotometer for 10–15 min. The absorption coefﬁcient is
ξ340nm = 6220 M−1 cm−1. Aconitase activity was calculated using
the absorption coefﬁcient of 6220 M−1 cm−1, and expressed as nmol
of cis-aconitate converted/min/mg protein. These experiments were
performed at least three times independently. Data from one represen-
tative experiment are presented as means ± SD.
2.5. Real-time quantitative PCR
For mitochondrial DNA (mtDNA) copy number measurements, total
DNA was isolated according to the smash and grab method [32]. Four
mtDNA-encoded genes (COX2, ATP6, NAD2 and NAD5) in comparison
with the nuclear reference ACT1 gene were selected to determine the
relativemtDNAmass. Quantitative real-timePCRwasperformed in trip-
licate and repeated in three independent experiments with the
Mastercycler ep realplex system. Independent reaction mixtures were
carried out by the same DNA template for both the genes of interest
and the ACT1 gene using the SYBR Green qPCR SuperMix (TransGen
Biotech) according to the instructions. The relative fold changes in
gene expression were determined by the 2−ΔΔCT method. The levels of
the mtDNA genes were normalized against the levels of ACT1 gene todetermine the relative mtDNA copy number. The data are representa-
tive of at least three independent experiments.2.6. Detection of mitochondrial membrane potential (ΔΨm)
The mitochondrial membrane potential (ΔΨm) was analyzed using
potential-dependent JC-1 ﬂuorescent dye as described previously [33].
In health yeast cells, JC-1 accumulates within the mitochondria and
forms J-aggregates with intense red ﬂuorescence. In apoptotic or un-
healthy yeast cells, the mitochondrial membrane potential collapses
and JC-1 remains in the cytoplasm as a green ﬂuorescentmonomer. Mi-
tochondrial depolarization is indicated by a decrease in the red/green
ﬂuorescence intensity ratio. Brieﬂy,mid-exponential cellswere harvest-
ed, washed twice in phosphate-buffered saline (PBS) buffer and incu-
bated with 1 μg/ml JC-1 at 37 °C for 20 min. Then, cells were washed
twice and analyzed by ﬂow cytometry using 488-nm laser excitation
and 530/585-nmbandpass emission ﬁlters. Similar results were obtain-
ed in at least two independent assays.2.7. Antifungal susceptibility tests
The susceptibility of C. albicans mutant strains to antifungal drugs
was determined by the standard CLSI M27-A3 protocol as described
previously [34]. The MIC50 was deﬁned as the lowest concentration
resulting in 50% inhibition of growth ability compared to that of untreat-
ed controls. Drug concentrations ranged from 0.03125 to 16 μg/ml for
caspofungin and amphotericin B; 0.5 to 256 μg/ml for CFW; 0.0625 to
32 μg/ml for ﬂuconazole and itraconazole; 0.25 to 128 μg/ml for
terbinaﬁne hydrochloride. 100 μl of drug suspensions in the 2-fold
serial dilution was added into the wells of a 96-well plate, and 100 μl
of 5 × 103 CFU/ml cells diluted in RPMI-1640 medium was added
to each well. The plates were incubated at 37 °C for 24 h before enu-
meration. These experiments were performed at least three times
independently.2.8. Adhesion and virulence assay
C. albicans adherence to oral epithelial cells was determined by di-
rect microscopic examination [35]. C. albicans strains were cultured in
NGY medium (0.1% peptone, 0.4% glucose, 0.1% yeast extract) at 37 °C
to mid-exponential phase, washed with sterile 0.9% (w/v) NaCl and
re-suspended to the concentration of 5 × 106 cells/ml. Oral epithelial
cells were collected from 6 healthy volunteers, and re-suspended to
5 × 105 cells/ml. Equal volumes of oral epithelial cells and Candida
cells were mixed and incubated at 37 °C for 2 h. After co-incubation,
the suspensions were ﬁxed with 4% paraformaldehyde at 37 °C for
15 min, and non-adherent cells were removed by extensively rinsing
with PBS buffer. The percentage of the attachment of C. albicans strains
to oral epithelial cells was determined by the optical microscope. These
experiments were performed at least three times independently.
The virulence of C. albicans strains was examined in a mouse model
of systemic candidiasis as described previously [28]. Cells were harvest-
ed, washed and re-suspended to 5.0 × 107 cells/ml in PBS buffer. 100 μl
of cell suspensions was inoculated into lateral tail veins of 5-week-old
ICR female mice (ten mice per group). The survival of mice was moni-
tored daily for 3 weeks after inoculation. Kaplan–Meier survival curves
were used to assess the survival rate, with p b 0.001 indicating signiﬁ-
cance. Organ fungal burdens were measured by the number of colony-
forming units (CFU) per organ on plates. Mice were sacriﬁced at the
ﬁfth day post-infection. The kidney sections were removed, weighed
and homogenized in PBS buffer. Serial dilutions of the kidney homoge-
nates were plated onto YPD plates, and incubated at 30 °C for 2 days.
Colonies were counted, and fungal burdens were calculated by CFU de-
termination per gram organ.
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3.1. The Mrs4–Ccc1–Smf3 pathway affects cell growth and iron
homeostasis in C. albicans
Iron is an essential nutrient required for the growth andmetabolism
in C. albicans. Our preliminary research demonstrated that C. albicans
Mrs4 belongs to the mitochondrial carrier family. Deletion of MRS4
leads to increased cellular iron levels by affecting the expression of
iron regulon. Furthermore, themrs4Δ/Δ exhibits an obvious growth de-
fect, revealing the potential relationship between iron homeostasis and
cell growth [15]. Sequence analyses revealed that C. albicans Ccc1 andFig. 1. The Mrs4–Ccc1–Smf3 pathway has a profound effect on C. albicans growth owing to per
mediate vacuolar iron storage.C. albicans cells expressing a C-terminalHA-tagged Ccc1or Smf3p
brane proteinswere examined bywestern blotting in both spheroplasts and puriﬁed vacuoles. T
contents in the isolated vacuolar fractions obtained from the wild-type or mutant cells were
suspended in liquid YPD medium with OD600 of 0.05. Growth curves were monitored by mea
mid-exponential phase cells were respectively spotted on the YPD agar plates containing the
30 °C for 3 days before photographed. Cellular iron levels of C. albicans strains were measure
cells. * indicates signiﬁcance at P b 0.05. **Indicates signiﬁcance at P b 0.001.Smf3 are putative vacuolar membrane proteins. In this study, we
conﬁrmed that both Ccc1 and Smf3 are members of the vacuolar iron
transporter family in C. albicans. Deletion of CCC1 remarkably reduced
vacuolar iron storage,whereas loss of SMF3 led to vacuolar iron accumu-
lation (Fig. 1A). Therefore, we speculated that Mrs4, Ccc1 and Smf3
coordinated the maintenance of cellular iron homeostasis. To investi-
gate the possible effects of the Mrs4–Ccc1–Smf3 pathway on cellular
iron homeostasis, cellular iron levels and growth abilities of wild-type
and mutant strains in response to different iron status indices were ex-
amined. Under YPD normal conditions, deletion of CCC1 or SMF3 had no
signiﬁcant inﬂuence on cell growth and iron homeostasis (P N 0.05).
The mrs4Δ/Δ and mrs4Δ/Δsmf3Δ/Δ mutants exhibited severe growthturbation of iron homeostasis. (A) Both Ccc1 and Smf3 are vacuolar iron transporters that
roteinwere respectively harvested, andused for vacuole isolation. Putative vacuolarmem-
he cytoplasmic/nuclear HA-tagged Efg1 protein was used as a negative control. Metal iron
quantiﬁed by the BPS-based colorimetric method. (B) Overnight-cultured cells were re-
suring optical density at the indicated time points. (C and D) Ten-fold serial dilutions of
iron chelator 2,2′-dipyridyl (BIP) or ferric chloride (Fe3+). The plates were incubated at
d as above described, and presented as the percentage relative to the control wild-type
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stored the growth ability to wild-type levels (P N 0.05) (Fig. 1B, top
panel). Consistent with these growth phenotypes, quantiﬁcation of
cellular iron content revealed that, in contrast to wild-type cells, the
mrs4Δ/Δ andmrs4Δ/Δsmf3Δ/Δ cells showed a signiﬁcant increase in cel-
lular iron levels (P b 0.001), while deletion of CCC1 obtained the capac-
ity to prevent the accumulation of excess iron in the mrs4Δ/Δmutant
(P N 0.05) (Fig. 1B, bottom panel). Similar results were obtained
under iron-replete conditions (Fig. 1D). Notably, deletion of SMF3 led
to a further increase in cellular iron content of the mrs4Δ/Δmutant in
response to high iron levels (P b 0.001). A recent research has demon-
strated that C. albicansmulticopper oxidase Fet33 localizes to the vacu-
olar membrane, supporting the hypothesis that Fet33 might form a
high-afﬁnity iron transport complex with an uncharacterized iron per-
mease to mobilize vacuolar iron stores under iron-limited condi-
tions [36]. Thus, one possibility is that Smf3 might be a low-afﬁnity
iron transporter mainly responsible for vacuolar iron export under
iron-replete conditions. Under iron-deplete conditions, loss of MRS4
severely affected growth ability in response to iron deﬁciency
(Fig. 1C). Although the mrs4Δ/Δccc1Δ/Δ restored cellular iron content
back to almost wild-type levels, the strain also showed a substantial
growth defect (Fig. 1C), indicating that the absence of high-afﬁnity
mitochondrial iron transport activity mediated by Mrs4 remarkably re-
duced cell growth, which might be attributed to iron deprivation in the
mitochondria. Taken together, our results suggest thatMRS4, SMF3 and
CCC1 form a pathway to control cellular iron homeostasis, and deletion
of SMF3 or CCC1 in themrs4Δ/Δmutant alters cellular iron levels and af-
fects cell growth.
3.2. Deletion of CCC1 normalizes the defective phenotypes in the
mrs4Δ/Δmutant
Previous studies reported that the maintenance of cellular iron ho-
meostasis is required for cell survival in response to different environ-
mental stimuli [13,14,37]. In S. cerevisiae, a mitochondria–vacuole
signaling pathway mediated by Mrs3–Mrs4–Ccc1 affects transitionFig. 2. Cellular iron homeostasis is essential for the response to different environmental stim
suspended to an OD600 of 0.1. Cells were serially 10-fold diluted and spotted onto YPD plat
damaging agents (calcoﬂuor white) and metal ions (copper or lithium). The plates were incu
and re-cultivated tomid-exponential phase under the tested conditions. Cellular iron levelswer
tively. **Indicates signiﬁcance at P b 0.001.metal sensitivity [13]. Our ﬁndings demonstrated that C. albicansmito-
chondrial carrier Mrs4 was implicated in numerous cellular processes,
including oxidative response resistance, cell-wall stability and metal
ion homeostasis. In addition,we also performed spot assay experiments
to investigate the role of CCC1 and SMF3 in these processes (Fig. 2A). The
mrs4Δ/Δmutant showed an increased sensitivity to oxidative stresses
(including hydrogen peroxide and menadione), a decreased resistance
to cell wall-damaging agent calcoﬂuor white (CFW), and an altered
transition metal sensitivity (including copper and lithium). However,
deletion of SMF3 or CCC1 individually had no signiﬁcant effect on cell
growth and cellular iron levels under tested conditions. Deletion of
SMF3 in themrs4Δ/Δmutant further exacerbated some growth defects,
especially an increase in the sensitivity to oxidative stresses and high
copper levels. Interestingly, deletion of CCC1 effectively reverted almost
all the defective phenotypes in the mrs4Δ/Δmutant, revealing an im-
portant role of Ccc1 in these cellular processes (Fig. 2A). Further studies
suggested that, under these stress conditions, the mrs4Δ/Δccc1Δ/Δ
mutant exhibited normal wild-type levels of iron accumulation
(P N 0.05), whereas the mrs4Δ/Δ and mrs4Δ/Δsmf3Δ/Δ mutants had
substantially higher iron concentrations (P b 0.001) (Fig. 2B). There-
fore, we speculated that the altered phenotypes might at least partially
be attributed to the direct or secondary effect caused by the disturbance
of cellular iron levels. Taken together, our data suggest that the Mrs4–
Ccc1–Smf3 pathway plays a critical role in the regulation of tolerance
to various stress conditions.
3.3. Both Mrs4 and Ccc1 contribute to the maintenance of
mitochondrial function
Mitochondria are crucial to iron metabolism, energy transduction
and biosynthetic pathways. The relationship between cellular iron
homeostasis and mitochondrial dynamics has been widely charac-
terized [7,9]. In addition, mitochondria are considered as the
principal organelles involved in aerobic cellular respiration, and mi-
tochondrial dysfunction results in a signiﬁcant reduction in the tri-
carboxylic acid cycle (TCA) and iron–sulfur cluster synthesis [38].uli in C. albicans. (A) Overnight cultures were grown to mid-exponential phase, and re-
es containing the indicated concentrations of oxidants (H2O2 or menadione), cell wall-
bated at 30 °C for 3 days, and photographed. (B) The indicated strains were harvested,
emeasured and presented as the percentage relative to the control wild-type cells, respec-
Fig. 3. Themrs4Δ/Δmutant exhibits severe mitochondrial dysfunction, whereas deletion of CCC1 in themrs4Δ/Δ cells rescues the defects. (A) Cells were plated in ten-fold serial dilution
onto the YP medium containing 8% glycerol or 4% ethanol to test carbon sources utilization. (B) Effect of CCC1 or SMF3 deletion on aconitase protein level and activity in the mrs4Δ/Δ
mutant. Mid-exponential cells were harvested to determined cellular aconitase activity and protein levels. (C) Relative mtDNA copy number was determined by quantitative PCR, and
measured as the ratio of mtDNA genes (COX1, ATP6, NAD2 and NAD5) relative to the nuclear target ACT1 gene. (D) Mitochondrial membrane potential was monitored with JC-1 dye by
ﬂow cytograms. Cells were harvested, re-suspended in PBS and incubated with JC-1 for 30 min at 37 °C. Gated region R1 includes cells with intact mitochondrial membranes and
gated region R2 depicts cells with loss of mitochondrial membrane potential.
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defects on the non-fermentable carbon sources, such as glycerol and
ethanol. The mrs4Δ/Δsmf3Δ/Δmutant displayed phenotypes similar
to those of the singlemrs4Δ/Δmutant. However, themrs4Δ/Δccc1Δ/Δ
mutant rescued the defective phenotypes (Fig. 3A, left). Furthermore,
we also observed elevated intracellular iron levels in both themrs4Δ/Δ
and mrs4Δ/Δsmf3Δ/Δ mutant cells during growth on the non-
fermentable carbon sources (P b 0.001). In addition, the presence of
exogenous iron efﬁciently increased cellular iron levels of all the strains,
indicating that themutants have normal iron uptake activities (Fig. S1).
However, themrs4Δ/Δ andmrs4Δ/Δsmf3Δ/Δmutants still exhibited de-
fective phenotypes on non-fermentable carbon sources under iron-rich
conditions (Fig. 3A, right). These observations indicated that the re-
duced mitochondrial respiration mediated by the Mrs4–Ccc1–Smf3pathway might not be due to the defective iron acquisition from the
environment. Further studies revealed that the single deletion ofMRS4
or double deletion of MRS4 and SMF3 signiﬁcantly affected the
expression of transcription factors involved in the regulation of iron
metabolism, such as iron-responsive transcriptional regulators SEF1
and HAP43. However, deletion of CCC1 in mrs4Δ/Δ cells restored their
expression to nearly wild-type levels (Fig. S2). These results supported
the hypothesis that perturbation of cellular iron homeostasis, not
extracellular iron acquisition, resulted in declines in mitochondrial
respiration.
Aconitase activity is a sensitive marker of oxidative damages, and
also reﬂects an effect of iron deprivation on iron–sulfur cluster synthesis
in mitochondria [31]. The assembly and incorporation of iron–sulfur
cluster are required for the maturation and activity of aconitase-type
Table 2
Antifungal susceptibility testing for C. albicansmutant strains.
Strains MIC50(μg/ml)
CSPa CFWb AMBc FLCd ICZe TERf
WT 2 32 2 2 4 64
mrs4Δ/Δ 0.125⁎⁎ 8⁎⁎ 1 1 2 64
smf3Δ/Δ 2 32 1 2 4 64
ccc1Δ/Δ 2 32 2 1 4 64
mrs4Δ/Δ smf3Δ/Δ 0.125⁎⁎ 8⁎⁎ 1 0.5 2 64
mrs4Δ/Δ ccc1Δ/Δ 2 32 1 1 4 32
a Casponfungi.
b Amphotericin B.
c Calcoﬂuor white.
d Fluconazole.
e Itraconazole.
f Terbinaﬁne hydrochloride.
⁎⁎ Indicates signiﬁcance at P b 0.001.
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results in increased levels of apo-aconitase, and impedes thematuration
of functional aconitase proteins [17,39,40]. To explore the mechanism
that might affect mitochondrial function, protein levels and activities
of an iron–sulfur enzyme aconitase in the tricarboxylic acid cycle were
examined (Fig. 3B). The single smf3Δ/Δ and ccc1Δ/Δ showed no signiﬁ-
cant difference on aconitase activity when compared with wild-type
cells (P N 0.05). The mrs4Δ/Δ and mrs4Δ/Δsmf3Δ/Δmutants exhibited
an obvious decrease in aconitase levels and activities (P b 0.001). Sur-
prisingly, deletion of CCC1 in the mrs4Δ/Δ mutant not only rescued
the decreased aconitase activity, but also improved the activity to a
higher wild-type level (P b 0.05). Previous studies have showed that
reduced cytosolic iron affects mitochondrial iron uptake and the assem-
bly of iron–sulfur clusters [13,41]. In this study, although the ccc1Δ/Δ
mutant showed similar cellular iron content with wild-type cells
(P N 0.05), vacuolar iron storage in the ccc1Δ/Δmutantwas dramatical-
ly reduced, suggesting that the presence of Ccc1 transporter increased
vacuolar iron at the expense of cytosolic iron. Therefore, loss of Ccc1 ac-
tivitymight cause an increase in cytosolic iron and permitmitochondria
to acquire iron even in the absence of mitochondrial carrier Mrs4. The
recovery of aconitase protein level and activity in the mrs4Δ/Δ ccc1Δ/Δ
mutant suggested that this double mutant had the ability to normalize
iron–sulfur cluster synthesis in mitochondria.
Furthermore, we measured mitochondrial DNA (mtDNA) stability
by quantitative PCR (Fig. 3C). Four mtDNA-encoded genes (COX2,
ATP6, NAD2 and NAD5) were selected to determine the relative
mtDNA mass. We found that deletion of MRS4 led to a slight increase
in mtDNA mass. Since the mrs4Δ/Δmutant displays an aberrant mito-
chondrial morphology [15], the increased mtDNA copy number in the
mrs4Δ/Δmutant might be due to a compensatory response. In accor-
dancewith growth phenotypes on the non-fermentable carbon sources,
themrs4Δ/Δccc1Δ/Δmutant showed wild-type mitochondrial genome
maintenance, suggesting a normal respiratory activity andmitochondri-
al function. Here, we further measured mitochondrial membrane
potential (ΔΨm) using JC-1 ﬂuorescent dye. Maintenance of the
mitochondrial membrane potential is essential for normal energy
metabolism and physiological function. The collapse of mitochondrial
membrane potential is considered as an initial step of mitochondrial
dysfunction, which might ultimately lead to cell death [42]. Numerous
studies have conclusively demonstrated that iron deprivation leads to
the induction of tumor cell apoptosis viamitochondrial changes, includ-
ing cytochrome c release, ROSproduction andmitochondrialmembrane
potential depolarization [43–45]. As expected, loss of MRS4 obviously
resulted in the depolarization ofmitochondrialmembrane potential. Al-
though a single deletion of SMF3 had little effect on mitochondrial
membrane potential, a double deletion of SMF3 and MRS4 was more
prone to inducing a sharp drop in mitochondrial membrane potential.
In addition, the ccc1Δ/Δmutant also displayed an alteredmitochondrial
membrane potential compared with wild-type cells. This might be par-
tially due to the disturbance of intracellular iron distribution caused by
CCC1 deletion. Furthermore, the mrs4Δ/Δccc1Δ/Δ mutant showed a
slightly elevated mitochondrial membrane potential in comparison
with that of themrs4Δ/Δ singlemutant, revealing a highermitochondri-
al respiratory capacity. These observations indicated that the Mrs4–
Ccc1–Smf3 pathway was an important factor for the establishment of
normal mitochondrial membrane potential. Taken together, these
above results further substantiate that the Mrs4–Ccc1–Smf3 pathway
is involved in the maintenance of mitochondria function, and that
perturbation of iron homeostasis causes a decline in mitochondrial
function.
3.4. Deletion of MRS4 results in increased susceptibility of C. albicans to
antifungal drugs
Accumulated evidence suggested that mitochondrial function has
a profound impact on the susceptibility to antifungal drugs, includingthose targeting cell walls, such as the echinocandins and CFW, and
those targeting cell membranes, such as the azoles, the polyenes
[21,46]. To elucidate the effect of the Mrs4–Ccc1–Smf3 pathway
on drug tolerance, we tested the sensitivity of C. albicans mutants
to different antifungal drugs (Table 2). The azoles (ﬂuconazole and
itraconazole), the polyene (amphotericin B) and the allylamine
(terbinaﬁne) were chosen as cell membrane-targeting agents. The
echinocandin (caspofungin) and calcoﬂuor white were chosen as
major cell wall-destabilizing drugs. Our results showed that the mrs4
Δ/Δ and mrs4Δ/Δsmf3Δ/Δ mutant exhibited hypersensitivity to cell
wall-targeting agents, particularly the caspofungin, indicating cell-wall
integrity defects in these two strains (P b 0.001). Furthermore, there
were no signiﬁcant differences in the caspofungin and CFW susceptibil-
ity among the wild-type, smf3Δ/Δ, ccc1Δ/Δ and mrs4Δ/Δccc1Δ/Δ
mutant strains (P N 0.05). Combined with the phenotypes in response
to CFW, these data supported the ﬁnding that the Mrs4–Ccc1–Smf3
pathway played a positive role in equilibrating cell-wall perturbation.
Although deletion of MRS4 led to a slightly sensitivity to the azole
drugs, no signiﬁcant differences for the minimum inhibitory concentra-
tions (MICs) of cell membrane-targeting agents were observed, sug-
gesting a minor role of the Mrs4–Ccc1–Smf3 pathway in disturbing
membrane biogenesis (P N 0.05). Taken together, these results suggest
thatmitochondrial function governed by theMrs4–Ccc1–Smf3 pathway
mainly contributes to cell-wall integrity tolerance, and shows no strong
correlation with membrane inhibitors.
3.5. The Mrs4–Ccc1–Smf3 pathway plays an important role in
ﬁlamentous development
Several studies revealed a close correlation between cellular iron
status and ﬁlamentous development [47,48]. In addition, the perturba-
tion of cell-wall integrity has a profound effect on morphogenesis in
C. albicans [24]. Since the Mrs4–Ccc1–Smf3 pathway was required for
cell-wall stability and cellular iron homeostasis, we examined the effect
of this pathway on ﬁlamentous growth under various hyphae-inducing
conditions (Fig. 4A, B). The mrs4Δ/Δ mutant showed remarkable
attenuation of ﬁlamentous growth in comparison with wild-type and
smf3Δ/Δmutant strains at both 30 and 37 °C. Deletion of SMF3 in the
mrs4Δ/Δmutant abolished hyphal development, and the strains formed
only smooth colonies without peripheral ﬁlaments under all tested in-
ducing conditions. As might be expected, the ability of ﬁlamentous
growth was retrieved in themrs4Δ/Δccc1Δ/Δmutant. The observations
also showed that deletion of CCC1 resulted in hyper-ﬁlamentous pheno-
type in the presence of morphogenetic signals, which was consistent
with the previous research [49]. To further investigate the role of iron
in ﬁlamentous growth, 1 mM exogenous iron was added to the indicat-
ed medium. The addition of exogenous iron accelerated ﬁlamentous
growth of all the ﬁlament-producing strains to some extent (data not
shown), however, still failed to rescue the ﬁlamentous growth defects
Fig. 4. Effect ofMRS4, SMF3 and CCC1 deletion on ﬁlamentous growth in C. albicans. Overnight cultures of the strains were re-suspended to an OD600 of 0.1, and spotted onto the hyphae-
inducing agar plates, respectively. 1 mMexogenous ironwas added to themedium to examine the effect of iron onﬁlamentousdevelopment. All the plateswere incubated at the indicated
temperature for 5–7 days before photographed.
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These phenotypes ruled out the possibility that the defective ﬁlamen-
tous development was caused by environmental iron deprivation, be-
cause the mutants could at least explore low-afﬁnity iron uptake
system to acquire sufﬁcient iron for metabolic requirement under
iron-rich conditions. Thus, we propose the hypothesis that the defects
in ﬁlamentous developmentmight result from the disturbance of cellu-
lar iron homeostasis rather than extracellular iron deprivation. In con-
clusion, these results indicate that the Mrs4–Ccc1–Smf3 pathway is
indispensable to colony morphology and ﬁlamentous growth.
3.6. Loss of CCC1 could effectively rescue the attenuated virulence of the
mrs4Δ/Δmutant
One of themost important properties of C. albicans is the capacity to
undergo a reversiblemorphological transition,which is closely associat-
ed with adhesion, pathogenesis and virulence [50,51]. Adhesion of
Candida cells to epithelial surfaces is considered to be a crucial event
in the host–pathogen interactions, and is a prerequisite for successful
colonization and subsequent host infection [52]. Since deletion of
MRS4 led to defective ﬁlamentous development, we examined the role
of Mrs4–Ccc1–Smf3 pathway in the adherence of C. albicans to oral ep-
ithelial cells. Themutant lacking SMF3 or CCC1was not shown to be sig-
niﬁcantly attenuated in epithelial adhesion (P N 0.05). However, the
mrs4Δ/Δ andmrs4Δ/Δsmf3Δ/Δmutants exhibited signiﬁcantly reduced
adhesion to epithelial cells (P b 0.001). Deletion of CCC1 in themrs4Δ/Δ
mutant led to the recovery of the capacity to adhere to host epithelial
cells (P N 0.05). To further investigate the role of Mrs4–Ccc1–Smf3
pathway in the pathogenic process, we next assessed for virulenceusing a mouse model of intravenous infection (Fig. 5A). To avoid posi-
tional effects on URA3 expression, we reintroduced the URA3 gene at
its native locus in all tested strains. All the mice infected with wild-
type strains died within 8 days, while the mrs4Δ/Δmutant exhibited a
signiﬁcant reduction of virulence and 70%of the infectedmice remained
alive after 3 weeks post-infection. In accordance with the ﬁlamentous
phenotypes, themrs4Δ/Δsmf3 Δ/Δmutant showed almost no virulence
in the mouse model, but the mrs4Δ/Δccc1Δ/Δ mutant effectively res-
cued the attenuated virulence of the mrs4Δ/Δmutant. In addition, the
single ccc1Δ/Δ or smf3Δ/Δmutant exhibited a slightly attenuated viru-
lence in comparison with the wild-type strain. To better understand
the potential roles of the Mrs4–Ccc1–Smf3 pathway in C. albicans viru-
lence, fungal burdens in the kidney were determined on the ﬁfth day
post-infection (Fig. 5B). The mice infected with wild-type, ccc1Δ/Δ or
smf3Δ/Δmutant cells exhibited a similar high rate of fungal colonization
in the kidney (P N 0.05). The number ofmrs4Δ/Δsmf3 Δ/Δmutant cells
that colonized in the infected kidneys was dramatically reduced
(P b 0.001), whereas deletion of CCC1 in the mrs4Δ/Δmutant restored
higher organ fungal burdens (P N 0.05). Taken together, these data sug-
gest that the Mrs4–Ccc1–Smf3 pathway is required for C. albicans
virulence.
4. Discussion
Iron homeostatic systems have been elucidated in great detail with
the model budding yeast S. cerevisiae [4]. In order to adapt to the tre-
mendous ﬂuctuations in iron availability, S. cerevisiae employs multiple
tightly regulatory mechanisms to balance iron acquisition, distribution,
storage and utilization. Recent studies have demonstrated that the
Fig. 5. TheMrs4–Ccc1–Smf3 pathway contributes to C. albicans adhesion and virulence. (A) C. albicans adherence to oral epithelial cells. Equal volumes of oral epithelial cells and C. albicans
were mixed and incubated at 37 °C for 2 h. After co-incubation, cells were ﬁxed, stained with hematoxylin and eosin. The number of adherent cells was quantiﬁed by direct microscopic
examination. (B) Ten female ICR mice were injected via the tail vein with 5 × 106 indicated C. albicans cells. The survival of mice was monitored daily for 3 weeks after inoculation.
(C) Organ fungal burdens after C. albicans infection. Infectedmice were sacriﬁced on the ﬁfth day post-infection, and fungal burdens in the kidney were evaluated by CFU determination,
and given as the CFU per gram. *Indicates signiﬁcance at P b 0.05. **Indicates signiﬁcance at P b 0.001.
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iron metabolism in S. cerevisiae [13,14]. Loss of both the mitochondrial
carriersMRS3 andMRS4 affects cellular and mitochondrial iron homeo-
stasis, and induces changes in vacuolar iron transport. Deletion of CCC1,
which encodes the only known vacuolar iron importer in yeast, sup-
presses vacuolar iron accumulation and many of the phenotypes in
the double deletionmutant. During the past several years, the strategies
that C. albicans possesses for iron exploitation within host environment
have also been studied extensively [3]. However, the regulation and im-
portance of cellular iron trafﬁcking are still unknown in C. albicans. In
our previous study, we found that C. albicans Mrs4 belongs to the
mitochondrial carrier family, and is involved in the maintenance of mi-
tochondrial morphology [15]. Deletion of MRS4 affects cellular iron
levels by altering the expression of iron regulon. In particular, the
mrs4Δ/Δ mutant exhibits altered expression of some vacuolar iron
transporter genes, including SMF3 and CCC1, revealing its potential
role in the regulation of cellular iron homeostasis [15]. Here, we further
explored the components contributing to restore/maintain cellular iron
homeostasis in C. albicans. Our data suggest that both Ccc1 and Smf3
were members of the vacuolar iron transporter family. Ccc1 was re-
sponsible for iron import into the vacuole, whereas Smf3 was involved
in vacuolar iron export. The singlemrs4Δ/Δ and doublemrs4Δ/Δsmf3Δ/Δ
mutants exhibited increased cellular iron levels andalteredgeneexpression
of iron-responsive transcription factors. However, deletion of CCC1 in the
mrs4Δ/Δ mutant led to the recovery of cellular iron levels and gene
expression. Our previous results have shown that C. albicansmitochon-
drial carrier Mrs4 is the only homologue of S. cerevisiae Mrs3/Mrs4
high-afﬁnity iron transporters [15]. Deletion of CCC1 normalized iron-
related phenotypes of strains lacking MRS4 in C. albicans, implyingthat theremight be other low afﬁnity iron transporters mediatingmito-
chondrial iron acquisition when cytosolic iron was sufﬁcient. This phe-
nomenon has been addressed by the recent study in S. cerevisiae [53].
Taken together, our results conﬁrmed that the Mrs4–Ccc1–Smf3 path-
way was essential for the modulation of cellular iron homeostasis.
Mitochondria are mainly responsible for energy production and
iron–sulfur synthesis [8]. Transition metal ions, especially iron, play a
central role in various aspects of mitochondrial physiology andmetabo-
lism. Several lines of evidence suggest that cellular iron homeostasis has
a profound effect on the maintenance of mitochondrial function [9,54].
Abnormal mitochondrial function leads to disturbances in a wide
range of physiological processes, and subsequently induces cell death.
In addition to reduced iron–sulfur cluster biogenesis, loss of mtDNA
andmitochondrialmembrane potential are also themajor inducements
that result in mitochondrial dysfunction [55,56]. Combined with our
previous study, the mrs4Δ/Δmutant exhibited increased cellular iron
levels regardless of external iron concentrations, but a decreased respi-
ration and iron–sulfur cluster synthesis in mitochondria, suggesting its
important role in mitochondrial function. Similar results were obtained
in themrs4Δ/Δsmf3Δ/Δ double mutant, with the higher iron levels and
lower respiratory activities. Interestingly, deletion ofCCC1 in themrs4Δ/Δ
mutant effectively rescued the defects to normal controls under all tested
conditions. Furthermore, loss of MRS4 caused mitochondrial genome
abnormality, whereas deletion of CCC1 in the mrs4Δ/Δ mutant led to
normal mtDNA levels. Assessment of mitochondrial membrane poten-
tial revealed that deletion of CCC1 could at least partially rescue the
mitochondrial membrane depolarization in themrs4Δ/Δmutant. How-
ever, double deletion of SMF3 andMRS4 caused more severe defects in
mitochondrial membrane potential in comparison with the single-
Fig. 6. A simple model for the role of Mrs4–Ccc1–Smf3 pathway in C. albicans. Simultaneous deletion ofMRS4 and SMF3 further exacerbates cellular iron accumulation in the absence of
MRS4, whereas deletion of CCC1 in themrs4Δ/Δmutant restores iron homeostasis to normalwild-type level. The resulting disturbance in cellular iron homeostasis affects themaintenance
ofmitochondrial function. Subsequently, mitochondrial dysfunction exerts a profound inﬂuence on some vital cellular processes in C. albicans, including cell-wall stability, stress response,
morphogenesis and pathogenesis.
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mutant had the capacity to maintain wild-type cellular iron levels and
normal mitochondrial function, indicating a close connection between
cellular iron homeostasis and mitochondrial dynamics. Taken together,
our results showed that the Mrs4–Ccc1–Smf3 pathway was closely as-
sociated with mitochondrial function, and the disturbance of cellular
iron homeostasis had a profound inﬂuence on themaintenance ofmito-
chondrial function.
In addition, mitochondria are also considered to be the major site of
cellularmetabolism, and source of intracellular reactive oxygen species.
Accumulations of mitochondrial defects are expected to lead to pleio-
tropic stress response phenotypes [57,58]. In this study, we found that
the Mrs4–Ccc1–Smf3 pathway was implicated in numerous stress re-
sponses, including oxidative resistance, cell-wall integrity and metal
ion homeostasis. Deletion of CCC1 normalized the defective phenotypes
in the mrs4Δ/Δ mutant. Therefore, we speculated that mitochondria
dysfunction mediated by theMrs4–Ccc1–Smf3 pathway might be a po-
tent inducer of defective stress responses. However, we also could not
rule out the possibility that the increased oxidative radicals or the disor-
der in intracellular ion distribution, in turn, aggravated mitochondria
dysfunction. Thus, it will be an interesting and exciting challenge for fu-
ture studies to elucidate the correlation between cellular stresses and
mitochondrial function. In this study, we also found that the mrs4Δ/Δ
mutant exhibited a decreased resistance to cell wall-damaging
agent CFW and hypersensitivity to the echinocandin caspofungin,
while themrs4Δ/Δccc1Δ/Δmutant had normal cell-wall stability. Addi-
tionally, the Mrs4–Ccc1–Smf3 pathway was shown to be indispensable
to colony morphology, ﬁlamentous growth and fungal virulence. The
addition of exogenous iron failed to rescue the defective phenotypes
of the mrs4Δ/Δ and mrs4Δ/Δsmf3Δ/Δmutant in ﬁlamentous develop-
ment, suggesting that the ﬁlamentous defects might not be due to the
defective acquisition of environmental iron. In view of the facts that
theMrs4–Ccc1–Smf3 pathwaywas required for cellular iron homeosta-
sis, we held the hypothesis that the defects in ﬁlamentous development
might result from the disturbance of cellular iron levels.
The mechanisms and virulence determinants that contribute to
C. albicans infection have been extensively studied during the last few
years [51,59]. Among these virulence factors, cell-wall integritymainte-
nance, adherence to host surfaces, bioﬁlm formation and hyphal devel-
opment are commonly considered as the most attributes of C. albicans
infection. Additionally, some novel virulence factors have also been
characterized, such as iron homeostasis [3,5,60]. These results point toa potential role for iron acquisition andhomeostasis in the transition be-
tween commensalisms and pathogenicity. However, the mechanism by
which ironmetabolism affects Candida infection is still unclear. A recent
study demonstrates a new relationship between Candida glabrata sur-
vival and host iron status during infectious progression [61]. The fungal
pathogen C. glabrata employs siderophore-mediated iron acquisition
system to survive macrophage killing, and host macrophage iron status
modulates survival of C. glabrata and dependence on microbial iron ac-
quisition. In our study, we found that the Mrs4–Ccc1–Smf3 pathway
were involved in the regulation of iron homeostasis in C. albicans, and
this pathway is also required for ﬁlamentous development, active adhe-
sion to host epithelial cells and virulence. Our ﬁnding provided cues to
better understand the importance of iron in pathogen–host interac-
tions. Therefore, we proposed a simple mode for the Mrs4–Ccc1–Smf3
pathway (Fig. 6). The Mrs4–Ccc1–Smf3 pathway is implicated in cellu-
lar iron homeostasis and distribution, in whichMrs4 belongs to themi-
tochondrial carrier family and Ccc1/Smf3 are putative vacuolar iron
transporters. Simultaneous deletion of mitochondrial iron importer
MRS4 and vacuolar iron exporter SMF3 further exacerbates cellular
iron accumulation, whereas deletion of vacuolar iron importer CCC1 in
the mrs4Δ/Δ mutant restores cellular iron homeostasis to normal
wild-type levels. The disturbance of cellular iron levels results in mito-
chondrial dysfunction, and subsequently, has a profound inﬂuence on
some vital cellular processes, including cell-wall stability, drug toler-
ance, stress response and morphogenesis. The model also suggests
that cellular iron homeostasis, mitochondrial function and ﬁlamentous
development are closely related, and all contributes to fungal pathogen-
esis. Moreover, theMrs4–Ccc1–Smf3 pathwaymight serve as an attrac-
tive target for future antifungal therapies.
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